There are several manners in which selenium may express its toxicity: (1) an important mechanism appears to involve the formation of CH 3 Se − which either enters a redox cycle and generates superoxide and oxidative stress, or forms free radicals that bind to and inhibit important enzymes and proteins. (2) Excess selenium as selenocysteine results in inhibition of selenium methylation metabolism. As a consequence, concentrations of hydrogen selenide, an intermediate metabolite, accumulate in animals and are hepatotoxic, possibly causing other selenium-related adverse effects. (3) It is also possible that the presence of excess selenium analogs of sulfur-containing enzymes and structural proteins play a role in avian teratogenesis. L-selenomethionine is the most likely major dietary form of selenium encountered by aquatic birds, with lesser amounts of L-selenocysteine ingested from aquatic animal foods. The literature is suggestive that L-selenomethionine is not any more toxic to adult birds than other animals. L-Selenomethionine accumulates in tissue protein of adult birds and in the protein of egg white as would be expected to occur in animals. There is no suggestion from the literature that the levels of L-selenomethionine that would be expected to accumulate in eggs in the absence of environmental concentration of selenium pose harm to the developing embryo. For several species of aquatic birds, levels of Se as selenomethionine in the egg above 3 ppm on a wet weight basis result in reduced hatchability and deformed embryos. The toxicity of L-selenomethionine injected directly into eggs is greater than that found from the entry of L-selenomethionine into the egg from the normal adult diet. This suggests that there is unusual if not abnormal metabolism of L-selenomethionine in the embryo not seen when L-selenomethionine is present in egg white protein where it likely serves as a source of selenium for glutathione peroxidase synthesis in the developing aquatic chick.
Introduction to selenium
There are two distinct sides to the biological story of selenium (Se) that emerged from research in the later two-thirds of the 20th century. The first was the recognition of Se as an environmental toxicant of livestock in the western United States during the 1930s (Trelease and Beath, 1949) , a theme that was to be replayed again in the central San Joaquin Valley of California in the 1980s. Only this time the toxicity of Se was found to affect primarily aquatic birds (Ohlendorf et al., 1988; Ohlendorf, 1989) .
The other significant biological aspect of Se to be recognized and emerge in the second half of the 20th century from research was the finding that selenium is a nutritionally essential trace nutrient. The complete story of the unfolding of events that led to the discovery of selenium as an essential nutrient is not the focus of this review but is of sufficient importance that a brief summary is given. German born physician Klaus Schwarz then working at the National Institutes of Health (NIH) at Bethesda, MD discovered that small amounts of selenium added to the diets of torula yeast fed rats consuming a diet low in Vitamin E prevented the occurrence of a condition know as dietary liver necrosis (Schwarz and Foltz, 1957) . The year was 1957 and it culminated years of research by Dr Schwarz both in Germany and then after WW II at the NIH. This discovery subsequently led to the recognition that Se deficiency was the cause of numerous animal diseases throughout the world. The role of selenium in the prevention of these numerous dietary deficiency diseases was to be discovered at the University of Wisconsin. In 1973 John Rotruck, a graduate student at the time, observed differences in the oxidation of hemoglobin in the erythrocytes of rats fed either a selenium deficient diet or selenium adequate diet (Rotruck et al., 1973) . The cause of the observed changes in the color of the hemoglobin contained within the erythrocytes was due to the absence of an erythrocyte enzyme, glutathione peroxidase. Glutathione peroxidase, an enzyme discovered by Mills in 1957, somewhat ironically in the same year of the report by Schwarz on dietary liver necrosis, contained selenium (Mills, 1957) . Within a very short period of time Leopold Flohe (Flohe et al., 1973) in Germany, who had devoted his life to the study of glutathione peroxidase, heard the news that selenium might be contained in the enzyme. Reported in Science in 1973 that indeed, glutathione peroxidase contained 4 g/atoms of Se/mole of enzyme, Flohe was later heard to say that, ''I could not believe that my beloved enzyme contained that awful poison selenium''. In the years that followed other selenium containing enzymes were identified in bacterial systems, i.e. formate dehydrogenase, along with an ever growing family of glutathione peroxidases from insects, birds and ubiquitously from mammalian species. All of the classic glutathione peroxidases contained selenium and it was found to be involved in the catalytic reaction of these many enzymes (Allan et al., 1999) . The major function of the glutathione peroxidases was found to involve the reduction of hydrogen peroxide to water at the expense of the oxidation of glutathione, the enzyme's cofactor. In 1984 a new glutathione peroxidase enzyme was discovered by Fulvio Ursini of the University of Padua, Italy. Isolated from pig liver this glutathione peroxidase was a membrane bound enzyme that contained selenium and was named phospholipidhydroperoxide glutathione peroxidase (Ursini et al., 1982) . It differed from the classical glutathione peroxidase in that it had not been isolated from the cytoplasm and that it needed to be solublized from the membrane. The enzyme's spectrum of substrates was quite different from the cytosolic enzymes. Hydrogen peroxide was not a substrate for this new selenium peroxidase; rather the substrates were phospholipidhydroperoxides, as suggested by its name, as well as hydroperoxides of cholesterol. This enzyme for the first time revealed the long sought connection between selenium and Vitamin E and the prevention of dietary liver necrosis. This is how it came to be recognized that very small amounts of dietary selenium could spare the dietary requirement for the lipid bound antioxidant, Vitamin E (Ursini et al., 1985) .
The following years revealed more selenium enzymes to be present in tissues including a new functional enzyme isolated from thyroid tissue, 5%-deiodinase, responsible for the conversion of tetraiodothyronine to triiodothyronine, the active thyroid hormone (Behne and Kyriakopoulos, 1990) . More recently, thyrodoxin reductase, an enzyme responsible for regulation of the redox environment of cells was found to be a selenoenzyme (Lee et al., 2000) . Research also led to the identification of selenocysteine as the common form of selenium in all presently identified selenoenzymes. In 1991 selenocysteine was designated the 21st amino acid commonly found in proteins of many eubacetria, archaebacteria, prokayotes and of course euokaryotic cells of higher phylo-genic organisms (Bock et al., 1991) . Molecular biology has remarkably revealed how selenium is incorporated into proteins via modification of a seryl-tRNA forming a selenocysteineyl-tRNA and incorporation into protein through a mRNA UGA codon. Previously believed to be a stop codon in mRNA, UGA is now universally recognized as the codon for selenocysteine. As will be discussed in the description of selenium toxicity, the chemical oxidation state of selenium suspected as toxic is the same chemical form of selenium contained in the selenium enzymes as selenocysteine, the selenide oxidation state, − 2, the selenoate anion.
A brief history of selenosis
More than 600 years ago Marco Polo, after returning to Venice from China, described to Marsden what is believed to be the first written description of selenium toxicity, i.e. selenosis. As recorded by Marsden, Polo was traveling the Silk Road in what is now Shanxi Province of Western China and learned about a poisonous plant that grew in the mountainous area. He learned that if any 'beast of burden ate the plants growing there it would cause their hoofs to drop off' and 'those people that traversed the area were aware of its dangerous qualities and took care to avoid it' (Marsden, 1962 Organic forms of selenium found in these plants include, dimethylselenide which is evolved as a gas, and non-protein amino acids, Se-methylselenocysteine, selenocystathionine, selenocysteine and selenohomocysteine. Non-selenium accumulator plants, i.e. cereal crops will volatize selenium if soil concentrations of selenium are high but when they are low or within the normal soil concentrations these 'food' crops predominantly synthesize the protein amino acid, L-selenomethionine. L-selenomethionine will replace the essential sulfur amino acid found in protein, methionine. The discovery and recognition of selenium as the cause of alkali disease and blind staggers occurred in the 1930s with the research being spearheaded primarily by the US Bureau of Chemistry and Soils at the South Dakota Agricultural Experiment Station (Muth et al., 1967) . Much of the early work on the metabolism of selenium was done at the University of Wyoming, the Kaiser Foundation Research Institute, and Colorado State University.
For selenium to become toxic there must be some form of natural bioconcentration as occurs in both primary and secondary plant accumulators of selenium. The concentrations in some of these plants have been reported to reach several thousand mg Se/g of plant material. Another natural concentration of selenium is known to have occurred in coal in China. This natural concentration of selenium of up to 8% by weight has led to selenosis in humans in Hubei Province. This is the only place in the world where selenium toxicity in humans is known to occur naturally. Scattered throughout the world are other areas where selenosis is known to occur in animals but no place other than China is known for human selenium toxicity.
Selenium bioacummulation and subsequent selenosis primarily in aquatic birds have happened more recently in the central San Juaquin Valley of California. The San Juaquin Valley of California is one of the great agricultural areas of the world producing an abundance of fruits and vegetables, grains, nuts and fiber. In this semiarid valley a central drainage canal, the San Luis Drain was begun in 1968, for irrigation runoff and was intended when completed to empty into the Sacramento-San Joaquin River delta. Construction on the drainage project was halted in 1975 and remains uncompleted. The San Luis Drain terminated in Merced County in several ponds constituting the Kesterson Reservoir. Here runoff of irrigation and natural precipitation collected, and dissolved solutes became concentrated due to evaporation. Selenium found concentrated in some of the exposed shales of the Central Valley and originating in the Panoche Hills area on the southwestern edge of the valley found its way to the Kesterson Reservoir (Ohlendorf et al., 1988; Ohlendorf, 1989) . During 1987 one of us, (JES) visited the drainage ponds of the Kesterson Reservoir for a personal look at the consequence of reports of selenium toxicity in birds inhabiting the area. Unlike other ponds that I had observed in my youth these ponds looked biologically dead with no signs of vegetative or animal life. The water in these ponds appeared to be pristine because of its clarity. That these ponds had high concentrations of mineral salts was evident from the growth of mineralized crystals in the water. Birds were flying all around the area with stilts, coots, grebes, avocets and ducks, including mallards, gadwalls, cinnamon teals and northern pintails reported to be frequent visitors to Kesterson Reservoir. Selenium toxicity had been reported to be a cause of death and deformities of embryos and chicks within the Kesterson area. Here in the Kesterson area selenosis was caused by high concentrations of selenium in the run off which had bioaccumulated in the bird's food chain by plants, invertebrates and fish (Ohlendorf et al., 1988) .
Why is selenium toxic
It is hypothesized that heavy metal toxicity, mercury, lead, cadmium, silver and other potentially toxic metals such as iron and copper, along with the non-metals arsenic and selenium, all share in part at least one common interaction in biological systems that causes toxicity symptoms to occur, the generation of superoxide (O 2 − ). (Stohs and Bagchi, 1995) This common cause of initiating toxicity symptoms, beyond differences in concentration and chemical form is due to their interaction with thiols in mammals (Klassen et al., 1985) and in birds (Hoffman and Heinz, 1998) . Reaction with thiols could alter the activity of many different essential sulfhydryl-containing enzymes as well as structural proteins within an organism. However, in reacting with thiols these elements also appear to generate free radicals, initially superoxide and precipitate the generation there from other reactive oxygen species (Xu et al., 1991; Spallholz, 1994) . Of the elements listed above, selenium is the most toxic to living systems depending upon chemical form ingested (Stewart et al., 1999) . Selenium, classified as a non-metal has exquisite metallic properties that can undergo facile redox reactions with thiols. Herein lies the general explanation for selenium's toxicity. It is an oxidizing catalyst of the first order in the selenide (− 2) oxidation state able to continuously oxidize thiols such as glutathione (GSH) and reduce oxygen producing the free radical, superoxide (O 2 − ) (Xu et al., 1991) . The details of this reaction have been described in detail by Chaudiere et al. (1992) (Fig. 1 ) and the selenium compounds that undergo a redox cycle have been cataloged by Spallholz et al. (1998 Spallholz et al. ( , 2001 (Table  1) . excess selenocysteine as a consequence of inhibition of selenium methylation metabolism (Sayato et al. 1997) . Excess hydrogen selenide contributes to hepatotoxicity and could contribute to other selenium related injuries.
In animal toxicity trials (Oldfield, 1999) many selenium compounds have been tested both for their acute and chronic toxicity. During the 1970s following the discovery of selenium as a component of glutathione peroxidase, Schwarz spent much time and effort trying to find a selenium compound that was effective for supporting the synthesis of glutathione peroxidase in rats but that was not toxic. Until his death in 1978 none was found and no one else has taken up the lance. Sodium selenite and selenate while toxic above 4-5 mg/g of diet fully support glutathione peroxidase synthesis. So do the other more natural forms of selenium encountered by animals and humans alike in their normal course of consuming foods, L-selenomethionine and selenocysteine. Selenomethionine, unlike selenate and selenite is much less toxic to animals and humans. In rats, selenium as L-selenomethionine is tolerable without any toxicity symptoms up to about 40 mg/Se per g of diet. There is, however, some aversion to these abnormally high Se containing diets beginning at 20 mg/Se per g of diet (Spallholz, unpublished) . Thus the transition from dietary essential nutrient consumed naturally by animals from their environment is not so much limited by the chemical form of selenium but by amounts and subsequent metabolism. Selenium is dietary essential to nearly all living animals but not plants, and becomes toxic when excess is consumed. To paraphrase the 16th century physician, Paracelsus, who stated that ''It is the dose that makes the poison''; it is the amount and chemical form of selenium consumed that make it toxic.
Speciation of selenium compounds in plants
Selenium is encountered in soils normally at low concentrations, 0.1-2.0 mg/g occasionally exceeded by 100 mg/g in some geological strata. Here we find inorganic forms of selenium, selenates (+6) and selenites (+4). Selenates predomThere are other manners in which selenium may exert its toxicity. The known biological functions of Se are mediated through at least 13 selenoproteins that contain selenium as selenocysteine (Daniels, 1996) . Selenium can substitute for sulfur in methionine to form the analog, selenomethionine. Since animals cannot synthesize selenomethionine or distinguish it from methionine, it becomes incorporated into a wide range of Se-containing proteins. It is possible that the presence of excess selenium analogs of sulfur-containing enzymes and structural proteins may play a role in avian embryo malformations and embryotoxicity readily caused by dietary selenomethionine. In adult mammals and birds, damage to body structures such as hair, nails, hoofs, and feathers, which all contain keratin (high in sulfur) becomes readily apparent with excess dietary selenium.
Hydrogen selenide is a key intermediate in the selenium methylation metabolism of inorganic and organic selenium compounds in animals. Hydrogen selenide accumulates in animals receiving inate in soils and are rapidly and more readily assimilated by plants. Selenates are found in drier alkaline soils. In acid soils, selenites react with and are converted to Fe + 3 -selenite complexes, which are less readily assimilated by plants. Elemental selenium (Se 0 ) in soils is nearly inert to plant assimilation (Lauchli, 1993) . When assimilated by non-accumulator plants selenates and selenites are converted to organic forms of selenium. In general, non-accumulator Se plants, cereal crops and grains used for human food, and grasses convert most inorganic selenium into the protein amino acid, L-selenomethionine. Lesser amounts of other selenoamino acids may be present. Selenium accumulator plants make non-proteinecious amino acids such as
L-selenocysteine and L-selenohomocysteine. All plants exposed to selenium at concentrations that exceed normal biosynthetic pathway volatize dimethylselenide. Small animals including fish that consume these plants deposit L-selenomethionine in their proteins in place of methionine and from selenomethionine and some other trace amounts of selenite, selenate or selenoamino acids make L-selenocysteine found in glutathione peroxidase (Lemly and Smith, 1987; Presser and Ohlendorf, 1987; Ohlendorf, 1989) .
Selenium in the diets of aquatic birds
With the exception of birds of prey most aquatic birds would most likely be exposed to selenium as L-selenomethionine, with perhaps lesser amounts of L-selenocysteine from ingested insects and fish. Ingestion of inorganic selenium, only as selenite or selenate, and in concentrations such as appear to have occurred at the Kesterson reservoir, would be expected to be very low and nutritionally insignificant. Thus it is somewhat serendipitous that many of the controlled Se toxicity trials with aquatic birds appear to have been conducted primarily with either L-or D,L-selenomethionine (Heinz, 1996) . Studies in chickens have examined the toxicity of inorganic as well as organic selenium compounds (Latshaw and Osman, 1975) . Selenite is the common supplement for chicks to prevent exudative diathesis and other selenium deficiency conditions (Osman and Latshaw, 1976) , whereas aquatic birds almost never encounter significant amounts of selenite in the wild in the absence of pollution.
Toxicity of selenium in aquatic birds
Laboratory toxicity studies of selenium compounds administered in the diet of aquatic birds have been conducted primarily with mallards with focus on three stages of the life cycle: (1) most notably, reproductive studies on embryotoxic, teratogenic and other developmental effects as a consequence of feeding the parents graded concentrations of selenium, (2) feeding studies on duckling growth and survival, and (3) fewer studies in adults, examining histopathological effects. In many of these studies, selenomethionine (either D,L or L) was the form of Se selected since it was thought to be the most likely encountered dietary form of selenium in nature for birds feeding on grains, seeds and grasses. Aquatic birds feeding on a mixed diet of plant foods and small crustaceans and fish would ingest lesser amounts of selenium as L-selenocysteine.
Reproducti6e effects
In the first of several reproductive studies, mallards were fed a control diet, diets containing 1, 5, 10, or 25 ppm Se as sodium selenite, or a diet containing 10 ppm Se as D,L-selenomethionine. Se at 10 ppm as selenomethionine or 25 ppm as sodium selenite caused a 40-44% decrease in the total number of eggs that hatched compared with controls (Heinz et al., 1987; Hoffman and Heinz, 1988) . About 10 ppm Se as selenomethionine was more teratogenic than sodium selenite at 25 ppm. Selenomethionine (10 ppm Se) resulted in an incidence of 13.1% malformations that were often multiple, whereas sodium selenite (10 and 25 ppm Se) resulted in 3.6 and 4.2% malformations. The teratogenicity of selenomethionine was confirmed in a second study in which mallards received 1, 2, 4, 8, or 16 ppm Se as D,L-selenomethionine, resulting in 0.9, 0.5, 1.4, 6.8, and 67.9% malforma-tions, respectively . In contrast 16 ppm Se as selenocysteine did not impair reproduction. With Se as selenite or selenocysteine in the diet there was little accumulation in eggs compared with that for Se as selenomethionine.
Comparison of L-selenomethionine, D,L-selenomethionine, and selenized yeast on reproduction showed the L and D,L forms to be similar in toxicity, but selenized yeast to be less toxic and to accumulate somewhat less in eggs . With Se as selenomethionine in mallards, egg concentrations of Se as well as frequency and types of malformations were similar to those reported to cause hatching failure and teratogenesis in wild aquatic birds. A laboratory study of limited sample size suggested that black-crowned night-herons may be less sensitive to reproductive effects of selenium than mallards (Smith et al., 1988) .
Duckling growth and sur6i6al
When day-old ducklings were fed 0.1, 10, 20, 40, or 80 ppm Se as sodium selenite or as D,L-selenomethionine for 6 weeks, both forms of Se impaired duckling growth at 20 ppm and survival at 40 ppm, with effects of sodium selenite being somewhat greater . Both forms resulted in virtually complete mortality at 80 ppm Se. Se from selenomethionine accumulated in a dose-dependent manner in the liver whereas accumulation from Se as selenite was much less. Further studies with Se in ducklings at 15 and 60 ppm in the diet confirmed the previous findings for selenomethionine (Hoffman et al., 1991b (Hoffman et al., , 1992a . In these studies decreased growth occurred at 15 ppm Se in the diet, and decreased survival with histopathological lesions at 60 ppm in the diet. More recent studies have suggested that L-selenomethionine may be somewhat more toxic to ducklings than D,L-selenomethionine under certain dietary conditions. For example, with a wheat based diet effects on survival and growth were greater with 30 ppm Se as L-selenomethionine than D,L-selenomethionine or other Se groups that were studied, including selenized yeast and wheat Hoffman et al., 1996) . In contrast, when a different and commerciallybased basal diet was provided, survival of ducklings was not affected by 30 ppm Se and growth impairment did not differ among Se treatment groups. Since most previous avian toxicity studies with selenomethionine were conducted with D,Lselenomethionine, that was commercially available, it is possible that the full potential toxicity of Se as naturally occurring L-selenomethionine may have been underestimated.
Adult mallards
Immune function was decreased by Se as selenomethionine (2.2 mg/l Se in drinking water) but not as selenite (3.5 mg/l Se in drinking water) in adult mallards exposed for 12 weeks (Fairbrother and Fowles, 1990) . Sodium selenitetreated birds did not display any Se accumulation in tissues above control levels. Serum ALT activity was increased by both treatments but to a lesser extent by selenite. In a mallard reproductive study with selenite, adult mallard mortality of 5% and weight loss began at a dietary concentration of 25 ppm Se and reached almost 100% at 100 ppm Se (Heinz et al., 1987) .
When adult male mallards received a control diet (0.2 ppm Se) or diets containing 1, 2, 4, 8, 16, or 32 ppm Se as selenomethionine for 14 weeks, Se accumulated readily in the liver in a dose-dependent manner, reaching a mean concentration of 29 ppm (ww) in the 32 ppm group (Hoffman et al., 1991a) . Mortality (10%) and histopathological effects, including bile duct hyperplasia and hemosiderin pigmentation of the liver and spleen, occurred in the 32 ppm group. Other studies developed diagnostic criteria for selenium toxicosis with DL-selenomethionine (0, 10, 20, 40, or 80 ppm Se) in the diet of adult mallards for 16 weeks (Albers et al., 1996; Green and Albers, 1997) . Mortality was 5, 14, and 100% in the 20, 40, and 80 ppm groups, respectively. Ducks receiving 40 and 80 ppm Se exhibited decreased body weight and histopathological lesions. Criteria for diagnosis of fatal selenosis in these two groups included consistent histologic lesions in the liver, kidneys, and organs of the immune system. At Kesterson Reservoir, mortality and histopathological lesions in adult American coots (Fulica americana) were related to selenium exposure, most likely as selenomethionine (Ohlendorf et al., 1988) . The hepatic Se residues and lesions found in the coots were similar to those reported in the above mallard studies.
Egg injection studies with selenium compounds
The second most notable effects of selenium toxicity have been assessed on the fertile eggs of chickens or aquatic birds themselves whereby selenium is injected directly into the air cell of the egg. Titration of selenium concentrations into eggs has been done for a wider variety of selenium compounds than feeding studies, but again most research interest has again focused on L-or D,Lselenomethionine. A number of researchers have investigated the toxicity of selenium compounds directly on the chick embryo by injection of selenium directly into the air cell. The earliest studies of this kind date back to that of Franke and Painter (1937) who studied the toxicity of selenite. Similar studies were done by Halverson et al. (1965) . The most interesting of these kinds of experiments were done by Palmer et al. (1973) . They investigated the toxicity of eight different selenium compounds by direct injection of increasing concentrations of selenium into 4-day-old embryos. These experiments revealed that the order of toxicity of selenium (ppm Se) to the embryos was: (LD50) methylseleninic acid, 0.052\selenate, 0.13=selenomethionine, 0.13\ selenite, 0.30\Se-methylselenocysteine, 0.57\ selenocysteine, 0.64\ dimethylselenoxide, 6.53\ trimethylselenonium chloride, 15.7.
Discussion
Selenium toxicity in aquatic birds in the wild has been reported in a dozen or so environmental situations where selenium and other minerals from agricultural runoff and other sources have tended to accumulate due to evaporation of surface waters (Skorupa, 1998) . However, the literature is not reflective of reports of widespread Se toxicity in birds from normal background levels of naturally occurring environmental selenium, or from bioaccumulation of selenium in the food chain where normal background levels of Se exist.
As has been reported for non-avian species of animals, mostly rats and mice, when birds receive diets supplemented with L-selenomethionine, selenium in this biochemical form appears to concentrate in a dose dependent manner primarily in muscle tissue and to a lessor extent in liver tissue (Wilson et al., 1997; Hoffman et al., 1991a) . In eggs, L-selenomethionine has been shown to be concentrated in the egg white of chickens (Moksnes, 1983 ) and mallard ducks (Heinz, 1993) . It is well known that L-selenomethionine will fully replace L-methionine in the primary structure of protein and will do so in a dose dependent manner. There is no reason to suspect those concentrations of L-selenomethionine from natural environmental settings and its concentration in muscle protein or egg white posses any toxicity threats to adult birds or their chicks. Only when environmentally concentrated forms of selenium occur or diets continually exceed \ ca. 15 ppm selenium would toxic manifestations arise. Diets fed to adult mallards containing 16 ppm selenium as D,L-selenomethionine were not reported to cause histopathological lesions or mortality (Hoffman et al., 1991a) .
Selenium in the diet as selenite was somewhat more toxic to mallard ducklings than selenium as selenomethionine with greater effects on growth at 20 ppm and on survival at 40 ppm . Dietary concentrations of 15 or 20 ppm selenium formulated with selenite appear to be even more toxic to growing chickens and adult chickens than to mallards. These effects in birds are similar in response that would be observed experimentally in mice or rats. The threshold for growth reduction in Cobb chicks was ca. 9 ppm selenium as selenite, whereas growth reduction was observed in broiler chicks at 5 ppm selenium. The differences in toxicity between selenite and L-selenomethionine appear to be more pronounced in organ culture of fetal limb buds. Selenite induced a dose-related effect on mouse fetal limb bud growth whereas L-selenomethionine had no effect on the limb bud development at the same selenium concentrations (Rousseaux et al., 1992) . However, when fed to ducklings, if selenite and selenomethionine are compared on a similar basis the resulting liver concentrations of selenium, are much lower resulting from selenite than selenomethionine and are associated with similar or greater toxic effects including hepatic oxidative stress, impaired growth and survival , suggesting a greater toxicity of selenite than selenomethionine once present in the tissue of ducklings or adults.
Egg injection studies revealed that the order of toxicity of selenium compounds was methylseleninic acid \selenate =selenomethionine \ selenite \ Se-methylselenocysteine \ selenocysteine \ dimethylselenoxide\ trimethylselenonium chloride. What is particularly interesting in this series of selenium compounds is that the order of increasing selenium toxicity is not what would be expected if the study was done on animal cells in culture. And yet there are similarities in toxicity of what would be the predicted order of selenium toxicity. That order in view of the present understanding of selenium as a dose dependent generator of superoxide and oxidative stress would be; methylseleninic acid, selenite, selenate, selenocystine, Se-methylselenocysteine, selenomethionine, dimethylselenoxide and trimethylselenium chloride. Methylseleninic acid and selenite are highly active as redox catalysts, selenate becomes catalytic upon reduction to selenite, selenocystine becomes catalytic upon reduction to selenocysteine, Se-methylselenocysteine and selenomethionine become toxic and catalytic upon metabolism by what is believed to be B-lyases (Andreadou et al., 1996; Ip et al., 2000) . Dimethyselenoxide and the trimethylselenionium ion are not catalytic in in vitro assays nor are they very toxic to animals in vivo. Thus, the interesting finding is that selenomethione appears to be extremely toxic and teratogenic to avian embryos, but based upon other published studies does not appear to be any more toxic in adult birds than in other non-avian animals. This would seem to be possible only if there were enzymes present in the egg that effectively metabolized the B-elimination of methylselenol from selenomethionine which is equivalent to methylseleninic acid, i.e. both compounds produce CH 3 Se − , and there must be no mechanism for methylation and detoxification in the egg which normally occurs in liver and other tissues of the adult bird.
Conclusions
There are several ways in which selenium may express its toxicity. One important mechanism involves the formation of CH 3 Se − , which either enters a redox cycle and generates superoxide and oxidative stress, or forms free radicals that bind to and inhibit important enzymes and proteins. It is also possible that the presence of excess selenium analogs of sulfur-containing enzymes and structural proteins may play a role in avian teratogenesis associated with excess selenium in the diet. Hepatotoxic concentrations of hydrogen selenide accumulate in animals receiving excess selenocysteine when there is inhibition of selenium methylation metabolism. Accumulation of hydrogen selenide could cause other selenium-related adverse effects. However, L-selenomethionine is the most likely major dietary form of selenium encountered by aquatic birds, with lesser amounts of L-selenocysteine ingested from aquatic animal foods. L-selenomethionine is not any more toxic to adult birds than other animals. L-Selenomethionine readily accumulates in tissue proteins of adult birds and in the protein of egg white. However, there is no suggestion from the literature that the levels of L-selenomethionine that would be expected to accumulate in eggs in the absence of environmental concentration of selenium pose harm to the developing embryo. For several species of aquatic birds, levels of Se as selenomethionine in the egg above 3 ppm on a wet weight basis result in reduced hatchability and deformed embryos. The toxicity of L-selenomethionine injected directly into eggs is greater than that found from the entry of L-selenomethionine into the egg from the normal adult diet. This suggests that there is unusual if not abnormal metabolism of L-selenomethionine in the embryo not seen when L-selenomethionine is present in egg white protein where it likely serves as a source of selenium for glutathione peroxidase synthesis in the developing aquatic chick.
